Data from the four spacecraft Cluster mission during a high altitude cusp crossing on 13 February 2001 are presented. The spacecraft configuration has one leading spacecraft, with the three trailing spacecraft lying in a plane that corresponds roughly to the nominal magnetopause surface. The typical spacecraft separation is approximately 600 km. The encounter occurs under conditions of strong and steady southward Interplanetary Magnetic Field (IMF). The cusp is identified as a seven-minute long depression in the magnetic field, associated with ion heating and a high abundance of He + . Cusp entry involves passage through a magnetopause boundary that has undergone very significant distortion from its nominal shape, is moving rapidly, and exhibits structure on scales of the order of the spacecraft separation or less. This boundary is associated with a rotation of the magnetic field, a normal field component, and a plasma flow into the cusp of approximately 35 km/s. However, it cannot be identified positively as a rotational discontinuity. Exit from the cusp into the lobe is through a boundary that is initially sharp, but then retreats tailward at a few km/s. As the leading spacecraft passes through this boundary, there is a plasma flow out of the cusp of approximately 30 km/s, suggesting that this is not a tangential discontinuity. A few minutes after exit from the cusp, the three trailing the spacecraft see a single cusp-like signature in the magnetic field. There is an associated temperature increase at two of the three trailing spacecraft. Timing measurements indicate that this is due to cusp-like regions detaching from the rear of the cusp boundary, and moving tailward. The magnetic field in the cusp is highly disordered, with no obvious relation between the four spacecraft, indicative of structure on scales <<600 km. However, the plasma moments show only a gradual change over many minutes. A similar cusp crossing on 20 Febru-Correspondence to: P. J. Cargill (p.cargill@ic.ac.uk) ary 2001 also shows a field depression and highly dynamic boundaries.
Introduction
The high-altitude cusps are important regions of the magnetosphere, and play a key role in the transport of solar wind energy to both the nightside magnetosphere and the auroral regions. In an idealised situation, they are the location where the magnetosheath flow encounters a location along the magnetopause, where the sign of the terrestrial field reverses with respect to the flow direction. Their complexity stems from (a) the comparable levels of the energy density in the magnetic field, plasma bulk flow and "thermal" plasma and (b) the remote influence exerted on the cusp by magnetic reconnection at various magnetopause locations. The high-altitude cusps were explored in the 1970s by the Hawkeye and HEOS-1 and -2 spacecraft (e.g. Paschmann et al., 1976; Farrell and Van Allen, 1990; Kessel et al., 1996; Eastman et al., 2000; Dunlop et al., 2000) , and significant recent advances have also come from the POLAR and Interball spacecraft (e.g. Zhou and Russell, 1997; Merka et al., 2000; Sandahl et al., 2000; Stubbs et al., 2001; Scudder et al., 2002) . POLAR, in particular, has presented a picture of an extended cusp (dimensions many R E : Grande et al., 1997; Fritz et al., 2003) , populated by particles of solar wind and ionospheric origin (e.g. Grande et al., 1997; Chen and Fritz, 1998; Chang et al., 2000) . In addition, both Hawkeye and POLAR have provided evidence for the elusive so-called "lobe reconnection" (Dungey, 1963; Kessel et al., 1996; Scudder et al., 2002) . . The spacecraft are colour-coded (black, red, green and blue for spacecraft 1-4, respectively). The spacecraft are first shown at 16:00 and then at two hour intervals. T89 model field lines are shown in Fig. 1a . The spacecraft separations shown are 20 times larger than in reality, with spacecraft 3 being shown at its real location.
The four-spacecraft Cluster mission was launched in July and August 2000, with the principal aim of carrying out multi-spacecraft, multi-instrument studies of the Earth's space plasma environment. One of the major scientific goals was to carry out observations of the high altitude, high latitude cusp regions. Cluster has the ability to determine absolute motions, scales and electric currents by the use of multiple spacecraft. In addition, with its apogee of 20 R E Cluster is expected to fly through the cusp/magnetopause boundary on its way to and from the solar wind, thus sampling different regions of the cusp from POLAR, whose apogee is 8.9 R E . The orbit also suggests that the encounters Cluster has with the cusp may be shorter lived than those experienced by POLAR. In its first year of operation, Cluster had encounters with the central cusp in the February/March time interval at high altitudes and in August/September for lower altitudes (4-5 R E : Cargill et al., 2001) . Due to the nature of the orbit, the inbound (southern) and outbound (northern) crossings sample different regions of the high altitude cusp (e.g. Lavraud et al., 2004; Dunlop et al., 2004) . We also note that, due to limited facilities for returning data from the spacecraft, there are fewer inbound than outbound crossings in 2001 and 2002, a situation remedied from early 2003.
The outbound crossings have been documented by Lavraud et al. (2002 Lavraud et al. ( , 2004 and Vontrat-Reberac et al. (2003) . Lavraud et al. discussed one case on 4 February 2001, where the cusp was composed of largely stagnant plasma with low magnetic field strength (referred to as the stagnant exterior cusp). Cluster spent more than 1 h in this region, and exited through an as-yet-unidentified boundary into the magnetosheath. Vontrat-Reberac et al. (2003) discussed a crossing on 17 March 2001, where Cluster remained in the cusp for 1.5 h, but in a region dominated by the magnetic field. In this case the IMF was weakly north, yet the cusp was filled with magnetosheath plasma and copious magnetic field turbulence. Exit from the cusp on this occasion was through the dayside magnetosphere. Cargill et al. (2001) identified an inbound crossing on the basis of a 7-8 min drop-out in the magnetic field strength around 20:00 UT on 13 February 2001 during a period of strong southward IMF. This paper presents a more complete study of the magnetic field and plasma properties for this encounter. A superficially similar inbound event was seen a week later at 23:20 on 20 February 2001 (Elphic et al., 2001) , but in this case the IMF was initially northward, with a southward turning near the time of cusp entry. This second case was obtained during a conjunction between the FAST spacecraft and Cluster (Elphic et al., 2001) . The relationship of these crossings to the outbound ones mentioned above is not completely clear at this time, but probably reflects the fact that the inbound passes sample a more limited part of the cusp.
In Sect. 2, we review briefly the relevant instrumentation, and discuss the spacecraft formation for both cases. Sections 3 and 4 examine the 13 February 2001 crossing in detail. Section 3 looks at the encounter from the viewpoint of single spacecraft phenomenology, and Sect. 4 addresses multi-spacecraft results, such as motions and scales. Section 5 presents a brief summary of the 20 February crossing. The spacecraft configuration at 20:00 UT on 13 February 2001. The four panels show the tetrahedron projected onto the GSE x-y, x-z and y-z planes, and a three-dimensional representation of the spacecraft formation. The four Cluster spacecraft are denoted by the coloured dots. The blue arrows correspond to the direction of the spacecraft motion projected onto the appropriate plane. Their length is proportional to the velocity projected onto each plane.
Instrumentation and spacecraft formation
Each Cluster spacecraft has a complement of 11 instruments covering a wide range of electromagnetic field and plasma measurements. In this paper, we use data from the Cluster flux gate magnetometers (FGM: Balogh et al., 1997; and the Cluster Ion Spectrometer (CIS: Rème et al., 2001) . Unless otherwise stated, we show spin-averaged magnetic field data (i.e. one vector every 4.1 s), but also use higher resolution data (22 vectors/s) as required. To analyse the ion properties, we present data from both the Hot Ion Analyser (HIA) and the ion COmposition and DIstribution Function analyser (CODIF). The former is used to provide moments of the measured ion distribution function, while the latter provides moments and spectrograms of H + , He ++ , He + and O + . The basic HIA moments are available every 4.1 s, and we focus on the density, velocity vector and temperatures.
Parallel (T || ), perpendicular (T ⊥ ) and total (T) temperatures are available, where T=(2 T ⊥ +T || )/3. The CODIF spectrograms use data with a resolution of 4 spins (i.e. just over 16 s).
The spacecraft orbit and configuration is best understood in the context of the 13 February encounter (that on 20 February was similar in almost all respects, being just 7 days later). We concentrate on the time interval from 19:30-21:00 on 13 February, since this corresponds to the cusp crossing. Figures 1a and b show the Cluster orbit during the interval 16:00-23:59, with 1a and 1b showing projections onto the X-Y and X-Z GSM planes, respectively (in the latter case, Cluster is coming out of the paper). In Fig. 1a field lines computed according to the Tsyganenko (1989) model are shown. The spacecraft are colour-coded (black, red, green and blue for spacecraft 1-4, respectively). In these plots, the spacecraft separation vectors are a factor 20 larger than in reality. For example, 2 R E on the plots corresponds to a physical separation of approximately 600 km. The four configurations are at 16:00, 18:00, 20:00 and 22:00, respectively, with later times being inside the magnetopause. The spacecraft configurations are shown at the time along the orbit, corresponding to the location of spacecraft 3 (green).
The four Cluster spacecraft form a tetrahedron. The four panels of Fig. 2 show the spacecraft formation projected on the GSE x-y, x-z and y-z planes, and a three-dimensional representation of the formation. The dark blue arrows show the direction of motion of each spacecraft, and the yellow shaded surface is that bounded by lines joining spacecraft 1, 3 and 4. Around 20:00 UT (the most interesting time), the formation had spacecraft 1 leading, with spacecraft 2-4 trailing, and forming a plane that is approximately parallel to the nominal plane of the magnetopause (based on the Tsyganenko, 1989 model). The formation is displaced approximately 1.5 R E in the GSE-y direction from the Sun-Earth line ( Fig. 2a : in GSM coordinates, Cluster is displaced approximately 2 R E in the positive y direction). One might ex-pect any magnetopause or cusp crossing to be seen first by spacecraft 1, and then by the other three in quick succession. The separations on 20 February are very similar. The velocity of the formation is given by the vector (−2.7, −0.62, 0.22) km/s in GSE coordinates. Figure 3 shows the solar wind conditions between 19:00 and 21:00 UT obtained from the ACE spacecraft, located in the vicinity of the L1 point 235 R E upstream of the Earth. The solar wind was quite steady over the time of interest, and the velocity of 500 km/s implies a fairly constant "lag time" of between 42 and 48 min for solar wind features to reach the cusp (in view of the uncertainties of propagation models from L1 to the cusp, we do not believe a more rigorous analysis of the lag time is warranted here). The density was also roughly constant at 5 cm −3 . For the 2 h shown, the interplanetary magnetic field (IMF) strength declined very smoothly from 10 to 7 nT. However, from the viewpoint of the cusp, the important aspect is the behaviour of the y and z IMF components within this smoothly varying field magnitude. The dominant component of the IMF was southward, with a magnitude between 9 and 6 nT. There was a brief weakening of the southward IMF lasting 1-2 min at around 19:48. The y component of the IMF was weaker (below 5 nT). Such an IMF topology, mainly southward in the whole interval, might be expected to drive strong magnetic reconnection in the vicinity of the sub-solar point (Dungey, 1961) , although we note that under the anti-parallel merging hypothesis (Crooker, 1979) , the intermittent y-components of the IMF would lead to merging elsewhere (e.g. Maynard et al., 2001) . In either case the net result is likely to be a disturbed magnetosphere. The geomagnetic conditions for 20:00 on 13 February were a D st index of −40 nT, and a K p value of 4.
Overall description of cusp encounter of 1February

Solar wind conditions
Cusp phenomenology
We now discuss the overall phenomenology of the cusp, as seen from a single spacecraft point of view. Multi-spacecraft aspects are presented in the next section. Figure 4 shows an overview of the cusp encounter between 19:45 and 20:30. The six panels show spin-averaged magnetic field data [|B|, B y , B z ] from FGM on all spacecraft (panels 1-3), the density and temperature from the CIS instruments on spacecraft 1 and 3 (panels 4 and 6), and the three components of the plasma velocity seen by spacecraft 3 are denoted by cyan (V x ) , red (V y ) and magenta (V z ) lines in panel 5. GSE coordinates are used. The cusp is identified as the clear depression in the total field strength commencing at around 20:00, and lasting until approximately 20:07, with a cusp re-entry seen by the trailing three spacecraft at 20:12. (In the terminology of Lavraud et al. (2002) , this would be the exterior cusp, but here it is just referred to as the cusp.) The magnetic boundaries are clear and distinct, are indicated by the vertical lines, and could be interpreted as a magnetopause crossing at 20:00, exit through the cusp rear into the lobe at 20:07, with a cusp re-entry and exit at 20:12. We identify 20:00 as the magnetopause, since that is where the y-component of the field becomes "terrestrial-like": a classic magnetopause definition. For a spacecraft velocity in the x-direction of 2.7 km/s, this leads to a cusp width of approximately 1200 km. The narrow width of the cusp compared to other cases observed by Cluster (10 4 km: e.g. Lavraud et al., 2002 Lavraud et al., , 2004 Vontrat-Reberac et al., 2003) suggests that we are passing through the very tailward part of a longer (along the magnetopause) cusp structure.
In the magnetosheath between 19:00 and 20:00, the field lies predominately in the southward direction, as expected from the draping of a southward IMF around the magnetopause. Prior to entry into the cusp, there is an excursion in B y up to 30 nT and then down to −40 nT that lasts 13 min, while the total field strength remains constant. We are unable to associate the B y feature with anything seen in the solar wind by ACE, but note that in the three hours prior to cusp entry, there are other equally clear B y features in the magnetosheath (not shown).
The HIA ion measurements show a more diffuse, extended structure than seen in the magnetic field. From the viewpoint of the density, the FGM cusp entry at 20:00 is visible as a very slight decrease, the exit as a pulse followed by a sharp decrease, whereas the 20:12 re-entry is not evident at all. The density then gradually tails off up to 20:30 UT. The velocity shows the expected dominant southward flow of the magnetosheath plasma as it moves around the magnetopause, but this flow persists in both the cusp and magnetosphere, indicating that field lines are being swept tailward, presumably due to continual magnetic reconnection at the sunward magnetopause. There is also a deflection of the velocity in the negative y-direction on cusp entry, lasting approximately 1-2 min. For a southward IMF, a strong, positive (negative) B y orientation will lead to plasma flows in the duskwards (dawnwards) directions, so the negative V y is consistent with the negative B y on cusp entry. We note here that this cusp encounter with its strong directional flow is very different from the "stagnant cusp" discussed elsewhere in the literature (e.g. Lavraud et al., 2002 Lavraud et al., , 2004 . The temperature moments (lower panel) show ion heating in the cusp by a factor of about 50% (especially perpendicular to the field: not explicitly shown). There is additional plasma heating at the field re-entry at 20:12 (spacecraft 3) and 20:14 (spacecraft 1), and perhaps at 20:23-20:28, but with no obvious field signature at the last of these times. Figure 5 shows measurements from the CODIF instrument (Rème et al., 2001) on spacecraft 1 for the interval 19:30-21:00. The first three panels show energy spectrograms for H + , He ++ and He + . It is instructive to compare the abundances of H + (also He ++ ) and He + , since these can be viewed as being "tracers" for solar wind and ionospheric (or plasmaspheric) particles, respectively. (Note that the CODIF sensor is slightly saturated in the magnetosheath. In addition, some spillover from the H + population is occurring, and results in nonnegligible background count rates in the He ++ and He + spectrogram throughout the passage (this is, for instance, obvious in the magnetosheath, where He + should be nearly absent). However, it is clearly seen that the H + and He ++ fluxes are varying coherently, confirming their common solar wind origin.)
On entry to the exterior cusp at 20:00, there is an immediate (within 1 bin) large increase in the He + count rate, with particles of energy between 1 and 10 keV being detected. Bearing in mind the instrumental caveat noted above, the comparison of the various fluxes in the spectrograms of Fig. 5 , as well as the detailed examination of time-of-flight spectra from the CODIF instrument (not shown), unambiguously demonstrates that the He + flux increase reflects the effective presence of a large amount of singly charged Helium ions of ionospheric (or plasmaspheric) origin in the exterior cusp. It should be noted that the presence of high energy He + fluxes in the magnetosheath adjacent to the boundary indicates a probable leakage.
The He + enhancement persists throughout the low magnetic field exterior cusp. The flux appears lower near the exterior cusp-plasma mantle boundary, but large fluxes are again measured shortly afterward, albeit at lower energies (500 eV-1 keV). This He + component terminates roughly at 20:27. The presence of such He + abundances is not common in the exterior cusp region, and the large change in mean energy observed when compared to those measured in the plasma mantle is intriguing. The only plausible source of such amounts of He + is from the ionosphere. We must assume that the strong electric fields induced in the inner magnetosphere and ionosphere during times of strong and persistent southward IMF are injecting large amounts of He + onto the cusp field lines.
Cusp structure from a multi-spacecraft perspective
From the single spacecraft perspective, the cusp is magnetically a structure with clear boundaries demarking regions of field depletion. We now analyse the boundaries of these regions using higher resolution magnetic field data.
Cusp entrance
High-resolution (22.4 vectors per second) FGM data from the interval 19:59-20:10 are shown in Fig. 6 .
The
Consider first the field magnitude (top panel). We show the start and finish of cusp entry (as defined by the decrease in field magnitude) by the first two solid lines. Cusp entry is through a boundary of duration just over a minute, occurs to within a few seconds at all spacecraft, and sees the y-and x-components of the magnetosheath field largely switched off.
We have performed a minimum variance analysis (MVA: Sonnerup and Scheible, 1998) using the spin-averaged data (to reduce small-scale fluctuations) over the interval 19:59:30-20:01:30. These times mark the transition to and from relatively homogeneous magnetic fields, but a shorter interval (20:00-20:01) shows no significant difference. "Good" normals (minimum to intermediate eigenvalue ratios of the order of 10 or greater) are found for spacecraft 1, 3 and 4 (λ 2 / λ 3 =9.2, 14.3 and 13.7, respectively), but not for spacecraft 2 (λ 2 / λ 3 =3.8). This appears to be due to large fluctuations in the boundary, but we note that plots of B 1 , B 2 and B 3 for spacecraft 2 show similar behaviour to those on spacecraft 1, 3 and 4. Despite the low eigenvalue ratio, we believe that spacecraft 2 is seeing a similar boundary to the others. The average normal from spacecraft 1, 3 and 4 is given by n=(0.96, −0.21, −0.16), with an average normal field of 3.6 nT, consistent with a field directed outward through the boundary. There is a flow normal at the boundary of −35 km/s (i.e. inward to the cusp), which should be contrasted with an Alfvén speed of 170 km/s. The boundary is thus oriented in a direction such that its normal points largely sunward, but also dawnward. This should be contrasted with the normal of a model magnetopause, n MP =(0.6, 0.15, −0.75). Thus, the magnetopause here has undergone considerable distortion. The discontinuity analyser can also be applied to this boundary and gives an average outward motion of 30 km/s .
We have also carried out the standard test for a deHoffman-Teller (dHT) frame for this interval for spacecraft 1 and 3. We find V H T = −(68, 128, 242) km/s and −(72, 104, 255) km/s for spacecraft 1 and 3, respectively. The results change by perhaps 10% when different intervals are considered. The quality of the dHT frame can be assessed by examining the correlation between the two electric fields E j =−v j xB j and E H T =−V H T xB j . The correlation coefficient is 0.983 and 0.987 for spacecraft 1 and 3, as shown in the top panels of Fig. 7 . The lower panels show the result of testing the Walen relations (v j −V H T versus V A ) for spacecraft 1 and 3 (Khrabrov and Sonnerup, 1998) . For all panels, the black slope has a slope of unity and is included for guidance. We find that there is no precise linear relation between the two vectors, but for the three components at spacecraft 1 (3) there are negative slopes of 0.54, 0.82 and 0.6 (0.52, 1.12 and 0.36) for each vector. Consideration of all components gives negative slopes of approximately 0.8. Any identification as a rotational discontinuity (RD) is thus non-definitive, and variations of the interval length under consideration do not lead to any clarification.
The properties of the boundary can be summarised as follows. There is a normal plasma flow, no clear density jump, a decrease in the field magnitude, a rise in the temperature, a plasma flow in the y-direction and a rotation of the field from having three components to pointing predominately in the z-direction. A variety of MHD boundaries satisfy some of these conditions, but none satisfy them all. For example, a RD is the only boundary that can sustain a non-coplanar field rotation, but should not have some of the other features seen, such as magnetic field and temperature changes. A slow shock can give a temperature increase, field decrease and y-flow, but is not consistent with the observed field rotation. However, it is clear that the boundary is not a tangential discontinuity, since there is a normal plasma flow. It should be noted that many of these properties were also noted at the cusp-magnetosheath boundary by Lavraud et al. (2002) .
Another possibility is that two of these discontinuities exist in close proximity to each other: for example, a RD first rotates the field, and then a slow shock decreases the field strength, giving rise to the strong intermediate transition suggested by Lavraud et al. (2002) . There is a suggestion of this at spacecraft 2, 3 and 4, where B y is shut off just after 20:00:30, before the magnitude begins to fall at this time, but this is not the case for spacecraft 1, where the field rotation occurs at the same time as the magnitude decreases. From CIS data, one can also establish that ion heating and the onset of the y-motions at spacecraft 1 and 3 are associated with the onset of the y-rotation of the magnetic field, indicative that the hypothesis based on this pair of structures may not be tenable.
A study of the timing of the various structures reveals further evidence of dynamic structure. For entry through the centre of a stationary, planar cusp-magnetosheath boundary, spacecraft 1 would be expected to encounter the boundary ahead of the others by 2-3 min. This does not happen. From the viewpoint of |B|, all spacecraft see the cusp entry at approximately the same time, and spacecraft one only occasionally is the first to see the transition. As we noted above, spacecraft 2-4 see the rotation of B y before spacecraft 1. Figure 8 shows a sketch that summarises the boundary crossings in the x-z plane. The lower part shows the nominal magnetopause (dashed line), and a possible boundary that has a normal similar to that measured. One possible interpretation is that the magnetopause is indented at the cusp in the way indicated. In addition, the y-component of the normal indicates that the boundary is also tilted. This is consistent with the spacecraft entering through the duskward side of an indented structure as the boundary moves dawnwards, presumably in response to the y-component of the IMF. A remarkable feature of the entry as seen by spacecraft 2-4 is that even with the highest resolution data, the B y rotation occurs in different orders at the three spacecraft throughout cusp entry. This implies very fine-scale structure in the field at this time. The conjectured nature of the outer boundary (labelled A) is shown in more detail at the top right. The z component of the magnetic field is roughly unchanged across the boundary, but the y-component is shut off, hence leading to the field depletion.
Cusp interior and exit
When spin-averaged data is considered, the field within the cusp shows a reasonable correlation between the three trailing spacecraft, but with no obvious correlation between these and the leading spacecraft. However, the high resolution data shows a lack of any correlation even between the trailing three spacecraft, as can be seen, in particular, around 20:03 UT in Fig. 6 . The field is also very unsteady (δB/B of order unity). The turbulence in the cusp is very different to that seen in the magnetosheath, which appears to be the usual mirror modes. A fuller study of cusp turbulence will be presented elsewhere.
The cusp exit corresponds to the interval 20:06:30-20:08:30. An examination of the right-hand side of Fig. 6 shows that spacecraft 1 exits first, through a boundary that lasts 15 s, consisting of a smooth increase in B z with a small rotation of B y . Mapping this boundary to the other three spacecraft would result in spacecraft 4 exiting next, followed by spacecraft 2 and 3. Spacecraft motion of −2.7 km/s in the x-direction would lead to delays of 160 s to spacecraft 4, and 70 s thereafter to spacecraft 2 and 3. However, the sharp boundary seen by spacecraft 1 is replaced by a more diffuse structure, which for spacecraft 2 and 3 commences at the same time as the boundary seen by spacecraft 1, but lasts 90 s.
We first analyse the exit seen by spacecraft 1. For the interval corresponding to the principal boundary (20:06:30-20:07:30), a MVA analysis gives a "good" normal (λ 2 /λ 3 =30), with n =(0.99, −0.12, −0.06), a normal field component of −2 nT and a normal velocity of −33 km/s. We stress that for all intervals considered the normal field component was small (3 nT or less) and negative. The rear boundary of the cusp is thus oriented almost exactly in the y-z plane, and has a weak field component passing tailward through it, implying that it may not be a tangential discontinuity. However, we were unable to find a good deHoffman-Teller frame. Analysis of data from the other three spacecraft does not reveal any reliable minimum variance directions, despite a search over many intervals.
If we assume that the cusp exit at spacecraft 1 begins at 20:07:54, and the exit at spacecraft 2-4 at 20:08:03, then the cusp edge is moving in the +x direction at 35 km/s (where the satellite motion is included). However, the cusp boundary clearly changes in the few seconds between the crossings of spacecraft 1 and 2 from a sharp jump to a more diffuse structure. One scenario for the very broad transition is that the rear boundary of the cusp is retreating at almost exactly the speed of the spacecraft (i.e. 2.7 km/s). This is not inconsistent with the order 4-(3,2) in which the three spacecraft encounter the diffuse part of the boundary, but is difficult to understand given the synchronism of the initial boundary encounter of the three trailing spacecraft with that seen by spacecraft 1. An alternative explanation could be that the initially sharp boundary suddenly undergoes a relaxation and expands backwards: the magnetic field profile is perhaps reminiscent of a rarefaction wave.
This boundary is also evident in the CIS data. The density seen by spacecraft 1 undergoes an abrupt decrease by a factor of 2 on the same time scale as the field, while the density at spacecraft 3 decreases more gently, also on a similar scale to the field. Similar remarks apply to the temperature, and we note that the magnitude of V z decreases across the boundary. This is also not inconsistent with a propagating rarefaction wave. The lower part of Fig. 8 shows this boundary (labelled B), and its relative orientation with respect to both the nominal magnetopause and the cusp entry. At the top left we show schematically how the magnetic field and solar wind plasma behave there. The z magnetic field is compressed by roughly a factor of two, while plasma streams tailward through the boundary.
Trailing cusp signatures
At 20:12, FGM on spacecraft 2-4 detects a brief cusp encounter seen in Fig. 4 . At this time spacecraft 1, which is leading, sees a smooth background field: Fig. 9 shows the high resolution magnetic fields in the immediate vicinity of this encounter. The obvious interpretation is that this is a back and forth motion of the cusp that moves over spacecraft 2-4, but does not reach spacecraft 1. However, a closer examination of the data suggests that this is not the case. A back and forth motion would reveal a nested structure in the time series as the spacecraft closest to the cusp (i.e. 2 and 3) had entered it first, and left it after spacecraft 4. In fact, what Fig. 9 indicates is that this apparent cusp re-entry is in fact a convected structure passing over the spacecraft. Spacecraft 4 both enters and leaves the field depletion (which is evident predominately in B z ) after spacecraft 2 and 3. We also note that the minimum variance direction here was approximately in the x direction.
An examination of the CIS data around the third black line in Fig. 4 reveals that the field depletion has no obvious signature in the density at either spacecraft 1 or 3, but there is a clear temperature enhancement at spacecraft 3, but not at spacecraft 1. In other words, the plasma here is cusp-like. However, just following the field pulse, the temperature at spacecraft 1 also increases at 20:15, and spacecraft 1 and 3 see broadly the same enhanced temperature profile through the next few minutes. This region (20:12-20:18) is also associated with significant fluctuations in B y (a few nT) that are reasonably coherent at spacecraft 2-4, but are totally different at spacecraft 1. We interpret this as being residual cusp turbulence moving over the spacecraft, and being associated with hot cusp-like plasma. It is also interesting to note that there is a further spell of perpendicular heating between 20:25 and 20:30, seen first by spacecraft 3, then by spacecraft 1. This has no obvious field signature. Such global temperature changes are often observed in the cusp and plasma mantle regions and are associated with large-scale changes in the ion energy distributions.
These observations can be interpreted in a number of ways. One is that the rear boundary of the cusp is intrinsically unstable, and detaches pulses of cusp-like plasma which then move tailwards. A second possibility is that the rear of the cusp responds to changes in the magnetic merging process elsewhere on the magnetopause by breaking up and reforming. In this context we note the reversal of B y at 20:10 ( Fig. 3) . Clearly either process is confined to the upper part of the exterior cusp, since spacecraft 1, being deeper in the magnetosphere, does not see these signatures. It is also possible the highly variable cusp structure at 20:07-20:08 is an earlier manifestation of such processes. Plasma associated with these detachments streams along the field lines, passing over the spacecraft, first 3, then 1. Thus, the plasma extent of the detachments is larger than that associated with the field. After 20:30, Cluster is too far from the magnetopause to see any evidence of the detachments, which are thus a local phenomenon.
The cusp crossing of 20 February 2001
One week later, at 23:30 UT on 20 February 2001, Cluster encountered the cusp in an apparently very similar manner, with a clear entry through the magnetopause and exit through the cusp rear boundary. While the data coverage is somewhat more limited, this crossing is especially interesting as it occurs during a magnetic field conjunction of Cluster and the FAST spacecraft. The full details of this encounter will be presented elsewhere, so we now only present the similarities and differences with the crossing of 13 February. The satellite configuration is effectively the same as in Fig. 2 , but displaced by roughly 1 R E in the GSE-y direction.
A significant difference was in the solar wind conditions. Figure 10 shows the lagged IMF and solar wind plasma quantities from 22:00 to 23:59 on 20 February. The slow solar wind speed leads to a long lag time of 1 h 20 min. At the time of the cusp encounters (23:20-23:35), the solar wind density is low, and the dominant magnetic field component is in the -y direction. B z turned southward at 23:10 and remained in that direction until the end of 20 February. The southward IMF is slightly weaker than on 13 February, but the solar wind speed is diminished considerably, so that one might expect a lower level of magnetopause reconnection. The various indices confirm that this was a time of low geomagnetic activity with D st = 0 nT and K p =1.5. Figure 11 shows a summary of the crossing in the same form as Fig. 4 between 23:00 and 23:59. We identify four boundaries, as shown by the solid vertical lines. The cusp is a clearly identifiable structure in the magnetic field, commencing at 23:20 UT and ending at 23:32 UT (outer two lines). The x-magnetic field component is close to zero throughout much of the passage. In the magnetosheath the dominant field component is in the -y direction, as expected from the IMF. Cusp entry occurs for all spacecraft at around 23:20, but is preceded by a large positive rotation of B y , and adjustment of B z such that the total field magnitude remains constant. This is similar to what was seen prior to cusp entry on 13 February, but on this occasion we believe it is directly associated with cusp entry. Given the constancy of the IMF B y at this time, it is unlikely to be an effect due to a mapping of the IMF to the cusps, and, unlike on 13 February, there are no major B y excursions in the magnetosheath in the preceding three hours. This rotation can also be associated with an enhancement of temperature by a factor of three (last panel of Fig. 10 ): again this differs from the 13 February case. We also note that there appears to be a brief re-entry into the magnetosheath between 23:25 and 23:26, as indicated by the inner two solid lines. The cusp exit is clearly seen in the field at 23:33, after which time Cluster is in the plasma mantle region. There is no discernible change in the density at any of the crossings into and out of the cusp, and no rapid density decrease as the spacecraft exit the cusp into the magnetosphere, but the density falls off rapidly after 23:50. This is also evident from CIS spectrograms (not shown) which show a gentle decline in solar wind plasma towards 23:50 UT. The magnetosheath plasma is seen to be flowing towards the tail, but the abrupt change in B y at cusp entry is associated with a strong, negative flow in the y direction, which also corresponds to the onset of proton heating. PEACE data (not shown) shows that solar wind electrons are seen at all 4 spacecraft, with an abrupt cutoff at 23:50, similar to the ions.
We now focus on the cusp as seen by the four FGM instruments. Figure 12 shows the magnetic field between 23:15 and 23:40, using data with 4 vectors per second. The transition through the cusps involves a partial entry of all spacecraft into the cusp (23:18-23:21), followed by an exit of spacecraft 2-4 back into the magnetosheath (23:21-23:25), at which time spacecraft 1 also re-enters the magnetosheath.
All four spacecraft then enter the cusp at 23:26, and exit into the plasma mantle at 23:33. All of these features are seen best in B y , with strong negative values of B y being identified as being the magnetosheath. (We note here such an interpretation may have problems since the ion temperature does not revert to its magnetosheath value.) The time over which all spacecraft are in the cusp is 5-6 min, very similar to that on 13 February. On this occasion, we see no evidence for trailing magnetic features.
We carried out a MVA analysis of cusp entry and exit. For the interval 23:17-23:21 of cusp entry, we were unable to find good eigenvalues (λ 3 /λ 1 >10), despite a search over many data intervals. For spacecraft 1-4, the ratios are 5.7, 5.6, 5 and 3.8 (see also Dunlop et al., 2004) , but for the record we state the four spacecraft average normal as n=(0.99, satisfied (the best slope is 0.4). At cusp exit, the search for "good" normals proved fruitless.
An examination of the four boundaries is revealing. The first cusp entry involves the sequence 1-3-4-2 into the B y rotation, but 3-2-1-4 through the decrease in field magnitude. To put these and subsequent results in context, motion through a planar boundary would lead to spacecraft 1 leading the others by approximately 3 min. Instead, the order of boundary crossings between 23:20 and 23:29 has spacecraft 3 leading on each occasion, more suggestive again of a sideways motion of the cusp-magnetosheath boundary, as in the 13 February encounter.
Thus, for a case with entirely different IMF properties (quiet solar wind, strong B y ), the cusp field and plasma structure has similarities to that on the disturbed 13 February 2001. There is a clear "magnetic cusp", with very abrupt boundaries, and a plasma cusp that is simply a diffuse extension of the solar wind, and indicates ready access of solar wind plasma into and beyond the magnetic cusp.
Summary and discussion
We have examined two cusp crossings from the first year of the Cluster mission when the spacecraft separation was of the order of 600 km. Unlike other cases examined by Lavraud et al. (2002 , which showed evidence for large regions of stagnant plasma, these cusp crossings are rather brief encounters, dominated by tailward-flowing plasma. In both cases the IMF was southward, leading to the expectation of an open magnetosphere.
In the case of 13 February 2001, where we were able to carry out a valid analysis of the normals of the cusp boundary, it was shown that the boundary between the magnetosheath and cusp had both a normal component of field and plasma flow through it, although the Walen relations, which would indicate a rotational discontinuity, were not definitively satisfied. This boundary should be thought of as the magnetopause, since it marks a clear transition between the solar and terrestrial magnetic field components. The cusp exit was through another open boundary, albeit with a weak normal field component directed tailwards, with plasma streaming tailward into the magnetosphere. Although a multiple boundary cusp structure for southward IMF has been proposed by Vasyliunas (1995) , we note that there are some differences between his suggestions and the findings of the present paper, especially in the magnetic structure of the innermost boundary.
Evidence was found for instability of the cusp on one occasion, and it was clear from multi-spacecraft analysis that the cusp boundary itself is highly dynamic, both moving from point to point, and changing width on very short time scales. This is of course not unexpected, since the cusp is a region where plasma and magnetic pressures are similar, so that small changes in the solar wind dynamic pressure may have a large effect. The case of 20 February showed a similar cusp duration, but here the spacecraft underwent a complex series of entries into and out of the cusp. It is striking that very similar field and plasma profiles were seen for two distinct IMF conditions.
How do these results fit in with others obtained from Cluster? It is very clear that we are seeing a different cusp to that reported elsewhere by Lavraud et al. (2002 Lavraud et al. ( , 2004 . First, given the nature of the inbound orbit, it is likely that we are seeing the very tailward part of the exterior cusp, as opposed to the more extended region reported in those papers. In addition, while Lavraud et al. (2002) reported a stagnant region under northward IMF conditions, the present study indicates that the exterior cusp is largely convective under the present southward IMF conditions. This differing behaviour is compatible with the inferred magnetic topology and plasma flow properties expected from lobe and sub-solar reconnection processes for northward and southward IMF, respectively. Further clarification of the global geometry requires an extensive survey of Cluster data at all spacecraft separations.
